AND CONCLUSIONS 1. We characterized the kinetics of presynaptic Ca*+ ion concentration in optic nerve fibers and terminals of the optic tectum in Rarta pipiens with the use of microfluorimetry. Isolated frog brains were incubated with the membrane-permeant tetraacetoxymethyl ester (AM) of the Ca*+ indicator fura-2. An optic nerve shock caused a transient decrease in the 380-nm excited fluorescence in the optic tectum with a rise time of < 15 ms and a recovery to prestimulus levels on a time scale of seconds.
INTRODUCTION
The frog optic tectum has been used extensively in studies of visual processing and development. Neural circuits in the tectum mediate a variety of visually guided behaviors, including prey catching and predator avoidance. Since Lettvin et al. ( 1959) described receptive field properties of ganglion cell afferents, extracellular and intracellular recording techniques have been widely employed to study retinal afferent activity and tectal cell responsiveness (for review see Arbib 1989 ). These studies have described neural activity on the basis of changes in membrane potential, with an emphasis on relating action potential activity to visually driven behaviors.
With the development of techniques for measuring the spatial and temporal dynamics of chemical species in neurons, it is possible to ask how the dynamics of chemical activity (such as ion concentration) relate to visually driven behaviors. Visually guided prey catching in the frog displays a form of behavioral facilitation that decays on a time scale of 1 -10 s (Ingle 1975 ) . Prior analysis of this system has emphasized the role of persistent neural electrical activity in the optic tectum as the basis for this facilitation (Arbib 1989) ) but an alternative or complimentary hypothesis is that activity-dependent, short-term synaptic enhancement between retinotectal afferents and tectal neurons is the substrate for visual ' 'priming.' ' Behavioral facilitation in the frog visual system may relate to changes in calcium ion concentration, because calcium concentration dynamics has been shown to underlie similar forms of short-term plasticity and adaptation in other systems. For example, in the cricket auditory system, the buildup and decay of Ca2+ ion concentration in the neurites of the omega neuron and its activation of a hyperpolarizing current underlie an electrophysiological correlate of forward masking, a short-term adaptation in which a weak auditory stimulus is suppressed by a preceding loud sound (Sobel and Tank 1994) . At the crayfish neuro-muscular junction, the rate-limiting step in the buildup and decay of augmentation, a form of short-term synaptic enhancement that occurs on a time scale of seconds, is produced by the kinetics of the buildup and decay of residual Ca2+ ion concentration in presynaptic terminals . The kinetics of return of Ca2+ ion concentration to a new equilibrium level is also thought to determine, in part, the kinetics of adaptation in photoreceptors (Lagnado and Baylor 1994) .
To assess the contribution of calcium dynamics to shortterm plasticity in the frog visual system, it is necessary to perform calcium ion concentration measurements in the intact tectum. In general, ion concentration measurements in intact nervous systems have been thwarted by the inability of membrane-permeant ion concentration indicators to penetrate the intact tissue and label neural structures. However, we have found that bath application of the acetoxymethyl ester form of fura-preferentially stained the optic nerve fibers and terminals in the superficial layers of the tectum. In the following, we describe the basic spatial and temporal properties of transient changes in fluorescence in the optic tectum of fura-2-stained isolated frog brains evoked by optic nerve shock. We provide pharmacological and anatomic evidence that the fluorescence changes are produced primarily by changes in presynaptic Ca2+ ion concentration from the unmyelinated fibers in the optic nerve. We characterize the evoked Ca2+ transients, taking into account both saturation of the Ca2+ indicator and the effects of endogenous and exogenous Ca2+ buffers. We then compare the fluorescence transients with the amplitude and time course of postsynaptic activity observed after a brief tetanic stimulation to test for a possible causal relationship between residual Ca2+ and synaptic enhancement.
The fura-2-stained retinotectal projection in isolated frog brain provides a useful model system for the study of presynaptic Ca2+ dynamics of nerve terminals in a relatively intact vertebrate CNS. The basic properties of synaptic enhancement, transmitter release, and the pharmacology of presynaptic Ca2+ channels can be studied under conditions where control over the extracellular bathing solution and monitoring of postsynaptic responses are possible and where, potentially, modifications of cellular function can be equated with changes in behavioral performance.
Preliminary results have been published in abstract form (Feller et al. 1993 ) .
METHODS

Isolated brain preparation: maintenance and electrophysiology
Forty-five adult frogs (30 Rana pipiens and 15 Rana utricalerius) of both sexes were used. The animals were kept at room temperature between 1 and 2 wk before use, anesthetized by cooling to S"C, and decapitated. After surgical isolation of the optic nerves, the brains were rapidly removed and placed in cold bicarbonate-buffered artificial cerebral spinal fluid ( ACSF, composition in mM: 120 NaCl, 2 KCl, 26.2 NaHC03, 5 D-glucose, 1.5 MgClz, and 2.5 CaCl*, pH 7.4) equilibrated with 95% 02-5% CO, (Sivilotti and Nistri 1992) . The preparation was pinned ventral side down to a Sylgard-lined, three-chambered superfusion bath. Some experiments were conducted on isolated optic nerves separated from the brain at the optic chiasm. Oxygenated saline was gravity fed at an adjustable rate of 3-10 ml/mm. All experiments were performed at room temperature (20-24°C).
The superfusion chamber was mounted to the stage of an upright epifluorescence microscope (Zeiss UEM) . For stimulation of tectal afferents the optic nerve was placed in a suction electrode through which isolated constant current pulses (duration 0.1 ms, amplitude 0.2-2 mA) were applied (A.M.P.I. Isoflex). An ACSF-filled glass microelectrode (0.2-5 MSt) was positioned so that the tip was at a depth below the pial surface of the optic tectum, typically 200-400 pm, that maximized the amplitude of evoked field potentials. Extracellular field potentials were measured (Neurodata, IR-283), band-pass filtered (0.1-3 kHz), sampled with a microcomputer and custom software, and analyzed with commercial software (IGOR, Wavemetrics, Eugene, OR) . Postsynaptic components of the field potential contributed by different afferent fiber populations were determined by comparing measured latencies with previous measurements (Chung et al. 1974; Llinas and Precht 1976) . The amplitude of the u2 component of the field potential (see RESULTS section) was defined as the height between the prestimulus baseline and the peak of the amplitude. Although the field potential is a convolution of several components, we found this definition of amplitude to be a reasonable measure of postsynaptic activation strength (Atzori and Nistri 1994) because, at its peak, the u2 component is well isolated from the earlier components. Unless otherwise stated, all field potential amplitudes were an average of four repeated trials.
A variety of modified ACSF solutions was used. To block synaptic transmission, Ca2+ in the ACSF was replaced with 100 PM CdCl, or 2 rnM Ba2+. ACSF containing 10 PM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and lOO-150 /IM 2-amino-Sphosphonovaleric acid (APV), also used to block synaptic transmission, was made by diluting stock solutions of 1 mM CNQX and 10 mM APV in ACSF immediately before use. ACSF containing 0.5 or 0.7 mM Ca2+ was used to study synaptic enhancement during stimulus trains in the absence of synaptic depression. A wash-in period of -10-15 min was used with all of these pharmacological agents before optical or electrophysiological testing. To study the reversal of induced effects, the preparation was perfused with normal ACSF for 15-60 min.
Isolated brains were labeled with the membrane-permeant tetraacetoxymethyl ester (AM) of fura-2. The labeling solution was prepared by dissolving 50 ,wg of fura-2-AM (Molecular Probes, Eugene, OR) in 50 ,wl of 25% (wt/vol) pluronic acid in dimethyl sulfoxide. The volume was increased to 2 ml with the use of ACSF (final fura-concentration 25 PM). This labeling solution was applied for 1 h in a static bath for which the perfusion was stopped and oxygenation was supplied by direct bubbling of the fluid in the chamber with 95% 02-5% C02. It was not possible to make optical measurements during direct bubbling of the bath because of movement artifacts, but optic nerve evoked responses remained normal during the incubation procedure. Furthermore, in control experiments we observed that decline of the field potential response was not seen until > 15 or 20 min after bubbling was stopped, suggesting that this level of oxygenation in a static bath was sufficient to maintain the tissue. After staining, the brain was then perfused for 30-60 min with ACSF before measurements were conducted. Field potential measurements were comparable after 30 or 60 min of loading with fura-2, suggesting that our loading did not introduce enough fura-to affect presynaptic transmitter release. The AM forms of Ca2+ buffers ethylene glycol-bis(@mi-noethyl ether) -N, N, N ', N '-tetraacetic acid (EGTA) , EDTA, and bis-(o-aminophenoxy ) -N, N, N', N'-tetraacetic acid (BAPTA) or the low-affinity Ca2+ indicator mag-fura-were prepared and applied to the tissue in the same manner as for fura-2-AM. Incubation times varied between 15 and 45 min depending on the desired degree of loading. Increasing incubation times for EDTA-AM or BAPTA-AM were observed to change the Ca2+ kinetics (both buffers) and the field potential amplitude (BAPTA-AM), suggesting that they load more effectively than fura-2. Voltage-dependent calcium channels (VDCC) blockers w-conotoxin GVIA (Calbiochem) and w-agatoxin IVA ( Alomone Laboratory, Jerusalem, Israel) were also applied sirnilarly in a static bubbled bath. The effects of both the buffers and the Ca2+ channel blockers were +reversible with >2 h of rinsing.
Three experiments were conducted on tecta and optic nerve in vivo. The animals were anesthetized by immersion in 0.3% triCaine-methane-sulfonate (MS222; Sigma). Xylocaine gel (2%) was applied to the skin overlying the tectum, and a small piece of skin was removed to expose the skull, which was removed to expose the tectum. The tectum was stained with fura-2-AM by a local perfusion technique (Regehr and Tank 1991 ) through a small tear made in the dura. To ensure deep anesthesia, the animal was injected with 1% MS 222,1 ml/ 10 g, and then enucleated to expose the optic nerve.
MicroJtuorimetry
Fluorescence measurements were conducted on a modified epifluorescence microscope (Zeiss, UEM) with the use of a 150-W Xenon lamp (OptiQuip, model 1600) and filters (Omega Optical) for fura-2: excitation was performed at 380 t 6.5 nm or 340 it 10 nm, and a dichroic beamsplitter (DCLP405) and emission filter (510 t 40 nm) were used. The same filter set was used for mag-fura-experiments.
Spatial patterns of fluorescence changes in the optic tectum were imaged with the use of a 12-bit, cooled charge-coupled device (CCD) camera (Photometrics 200) with a ~5 objective (Zeiss Plan-NEOFLUOR) or a x40 water immersion objective (Zeiss-ACHROPLAN). A custom telescope was used to reduce the real image size such that 75% of the tectum was projected onto a 100 X 100 array of CCD pixels with the use of the X5 objective, resulting in -35~pm linear dimension of tissue per pixel. Acquisition, storage, and analysis of images were performed on a Macintosh FX computer with the use of custom software.
High-temporal-resolution measurements of Ca2+ transients were made with the use of a photodiode to record fluorescence produced by 380~nm illumination (Regehr and Tank 1992) . With the use of the x40 objective, the fluorescence generated from a 75-to lOOpm-diam illuminated spot at the pial surface of the tectum was focused onto the active area of a photodiode (UVBG-100, EG&G, Quebec, Canada) operating in photoconduction mode. Photodiode currents were amplified with a current preamplifier (Ithaca 1211, gain 10m9 A/V). These signals were further amplified 20-50 times and filtered with the use of a 3-ms time constant (Stanford Research Systems, SR560) before being digitally sampled at 1 kHz and stored in a Macintosh FX computer. In most of the experiments, field potential recordings from the tectum were simultaneously digitized. The concentration of presynaptic terminal clusters in the superficial layers of the tectum is higher in the medial/rostral section (Hughes 1990 ), so we conducted most of our experiments on or near this region of the tissue.
Fluorescence responses are presented in the form of graphs of -AFIF versus time, where F is the amount of DC fluorescence before the evoked change corrected for background fluorescence and bleaching, and AF is the deviation from this baseline. Background fluorescence (including autofluorescence), typically 20% of the DC fluorescence, was measured before the tissue had been exposed to fura-2. In control experiments, stimulation of the optic nerve induced no detectable change in the autofluorescence. Fluorescence time courses were corrected for bleaching by linear extrapolation of the prestimulus fluorescence decay. The bleaching rate was typically 0.1% per second.
Anatomic characterization of indicator labeling
To estimate the depth of dye penetration and more precisely observe labeled structures, 8OO+m sections of fura-2-labeled tecturn were prepared immediately after indicator loading. The slices were viewed on a Nikon Diaphot (Nikon Filter block UV-2A). For comparison, the optic nerve was labeled with 1,l '-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine, percholate (DiI) using a technique developed by A. Gelperin and J. Flores (unpublished data). Surgically removed brains were fixed for 2 1 h in 4% paraformaldehyde buffered with 100 mM Na2HP04. A few crystals of DiIC18 (3) were dissolved in 0.1 ml of methanol in the cavity of a depression slide. After methanol evaporation at room temperature, the remaining solid film of DiI was briefly heated between 52 and 54°C to achieve a viscosity that permitted globules to stick to the fine tip of a glass microelectrode. The DiI-coated electrode tip was inserted into the optic nerve and broken off such that the coated tip remained in the tissue. After a 6-day incubation period for dye diffusion, the tissue was rinsed in distilled water, mounted in 4% agar, and sectioned on a Vibratome (slice thickness 30-100 pm).
RESULTS
Spatial pattern of fluorescence changes in fura-2-labeled optic tectum
Electrical stimulation of the optic nerve produced changes in fluorescence in the optic tectum of isolated frog brains labeled by bath application of the Ca2+ indicator fura-2-AM. We first describe the spatial characteristics of this fluorescence change as measured with a cooled CCD camera focused on the surface layers of the tectum. Figure 1A is a CCD image of a fura-2-AM-stained brain illuminated with 380~nm light. The cerebellum, approximately three-fourths of both tecta (outlined in white), and most of the diencephalon are visible. Figure 1B shows the spatial pattern of changes in tectal fluorescence produced by stimulating the optic nerve with a train of 10 pulses delivered at 50 Hz. Increasing fractional change in fluorescence ( -AF/F) , corresponding to increased change in Ca2' ion concentration (A[Ca2+] ), is coded from white to black. White areas indicate little or no fluorescence change in response to stimulation. In this example, the entire surface of the tectum contralateral to the stimulation site showed Ca2+ influx in response to optic nerve shock. This preparation is typical in that the greatest fractional fluorescence changes occurred near the perimeter of the tectum as viewed from the dorsal surface. This perimeter effect was probably due to the fact that at the edges, a larger fraction of fluorescence is contributed by fura-2-labeled punctate structures (see below) versus background fluorescence. Additionally, the margins of the tecta are heavily innervated with retinal afferent fibers. After crossing at the optic chiasm, retinal afferents travel across the lateral and dorsal surface of the diencephalon to enter the tectum (Scalia and Fite 1974) . The optic tract enters the anterior tectum and splits into medial and lateral arms that encircle the tectal hemisphere while projecting posteriorally. Fibers turn off of these encircling tracts into the tectal plate to contact tectal neurons. The observed pattern of fluorescence changes is therefore similar to that expected for a signal derived directly from retinal ganglion cell axons. In Fig. 1 , the optic nerve was stimulated distal to the optic chiasm. We also found that stimulation of the optic nerve at its junction with optic chiasm produced bilateral activation of the tecta, particu- larly prominent at the anterior margin of the ipsilateral tectum (data not shown). In Fig. l& fluorescence changes on the dorsal and lateral aspects of the diencephalon were weak. In other preparations, diencephalic changes were more clearly observed. The cerebellum, which receives some visual input via polysynaptic pathways (Chang and Wu 1959) , did not show changes in fluorescence in our experiments.
A Time course of fluorescence changes produced by single nerve shocks High-temporal-resolution optical recordings were performed by measuring the fluorescence from a 75-to lOOpm-diam illuminated patch of tectum with a photodiode. Assuming an even distribution of terminals, we estimate that l,OOO-5,000 terminals contributed to the measured fluorescence. A single optic nerve shock produced a transient decrease in 380-nm-excited fluorescence ( Fig. 2A) . The Yaxis is in units of negative fractional change ( -AF/F); for fura-2, an increase in the magnitude of -AFIF for 380 nm excitation corresponds to an increase in Ca2+ ion concentration. The response has a clear onset and rapid rise time ( Fig.  2A) , indicative of Ca *+ influx into uniform, small structures, such as presynaptic terminals. The rise time was on the order of 15 ms, similar to the characteristic response time of fura-2 (Kao and Tsien 1988) . The recovery phase of the transient response was dominated by a process with a time constant of l-2 s (Fig. 2B) . A low-amplitude slower recovery phase lo-30 s long followed the initial transient. This may reflect failure to perfectly compensate for bleaching with linear subtraction, slow extrusion of sequestered Ca*+ , or slow Ca2+ changes in glia (Kriegler and Chiu 1993; Lev-Ram and Grinvald 1987) . The kinetics of the fluorescence transient did not grossly change when the incubation time for fura-was increased from 15 to 60 min. However, in a few experiments (data not shown), the decay (Tank et al. 1995) .
The trial-to-trial reproducibility of stimulus-induced fluorescence changes was very good. This permitted averaging of sequential trials to increase the signal-to-noise ratio. It also permitted a comparison of fluorescence changes produced by 380-nm excitation and 340-nm excitation obtained in separate trials. The fluorescence transient obtained with 340-nm illumination had similar dynamics as the transient recorded with the use of 380-nm illumination, but with an increase in fluorescence instead of a decrease (Fig. 2B) . Fluorescence ratios could not, however, be used for a quantitative estimate of the change in [Ca"'] because the furafluorescence at rest may be produced by fura-in structures other than those that respond to the stimulus. Nevertheless, the increase in fluorescence with excitation at 340 nm versus a decrease in fluorescence with excitation at 380 nm is strong evidence that the observed fluorescence changes are induced by an increase in [ Ca2+] , not a fura-2-independent change in optical properties of the tissue.
The isolated frog brain has been previously used by others to study electrophysiological properties of neurons in the optic tectum (Arakawa and Okada 1989; Atzori and Nistri 1994; Debski and Constantine-Paton 1990; Nistri 1990; Scherer and Udin 1994; Schwippert and Ewert 1995; Sivilotti 1986) . We tried to determine whether the Ca2' transients produced by activation of the unmyelinated retinal afferent fibers we observed in the isolated frog brain were similar to those in vivo. In general, we sought information about the viability of the isolated brain preparation relevant to these studies. We therefore labeled surgically exposed optic tecta with fura-2-AM in anesthetized frogs and measured fluorescence transients and field potential responses in the optic tectum with the use of techniques analogous to those described for the isolated brain. Although fura-labeling was in general weaker than that observed under comparable labeling conditions in the isolated brain, electrical stimulation of the optic nerve produced fluorescence transients that decayed to rest on a time scale of seconds (data not shown). The field potential amplitudes measured in response to optic nerve shock were also similar in vivo and in the isolated brain (data not shown). Although many differences between the isolated brain and the in vivo system are no doubt present, these control experiments suggest that the responses more easily measured in the isolated brain are not pathological.
Pharmacological
evidence that fluorescence changes in fura-2-labeled tecta are presynaptic in origin
To determine whether Ca2' influx into presynaptic or postsynaptic structures was responsible for the observed fluorescence signals, we studied the effects of postsynaptic blockers on stimulus-induced fluorescence changes and on the field potential response. Glutamate is the major excitatorv transmitter at the retinotectal svnapse, and most of the monosynaptic response to optic nerve stimulation is blocked by bath application of the non-NMDA glutamate receptor antagonist CNQX ( Hickmott and Constantine-Paton 1993 ) . In the isolated brain, bath application of 10 PM CNQX reduced the field potential amplitude to 33 ~fr 14% (mean t SE; n = 6). The amplitude of simultaneously measured fluorescence transients remained at 95 t 7% of control levels (Fig. 3) . After extensive rinsing, the field potential recovered to 79 t 14% of the pre-CNQX value while the amplitude of the fluorescence transient remained stable at 98 t 19%. Application of lOO-150 PM APV led to no measurable decrement in the postsynaptic field potential response and no significant change in the magnitude of the fluorescence transient ( 110 t 1 1%, n = 3, data not shown).
Application of an ACSF for which Ba2+ (2 mM) was substituted for Ca2+ provided further evidence that the fluorescence changes were not due to transmitter-induced responses in glia or postsynaptic neurons. Ba2+ produces fluorescence changes in fura similar to those of Ca2' but binds with an affinity -5 -10 times lower than that of Ca2+ (Murray and Kotlikoff 1991) . Ba2+ only weakly supports transmitter release (Augustine and Eckert 1984) despite the fact that many classes of voltage-dependent Ca2+ channels are in general more permeable to Ba2+ than to Ca2' ( Hille 1992). We observed that virtually no postsynaptic field potential response was seen to the first stimulus in a train ( Fig.  4B ) as expected if little or no transmitter was released. Despite the absence of postsynaptic electrical response, the influx of Ba2+ into stained structures in response to a single stimulus was sufficient to raise [Ba2'] to a high enough concentration to see an easily measurable fluorescence transient ( 15% of control) and a significant saturation of fura.
(This saturation effect is manifested by a successive reduction in the amplitude of fluorescence response during a stimulus train. The effect is studied in detail below.)
Microscopic examination of fura-2-stained tecta
To further determine whether Ca2+ influx was into presynaptic or postsynaptic structures, we examined anatomic sections of fura-2-stained tecta at high magnification and compared the fluorescent structures with tectal structures labeled by DiI diffusion along the optic nerve. We sectioned tecta stained with the Ca2' indicators fura-and mag-furaand observed the spatial pattern of labeling. The frog tectum has a laminar organization , with the superficial layers composed predominantly of afferent nerve fibers and dendrites of tectal neurons. The deeper layers contain tectal cell bodies whose complex dendrites project toward the surface (Fite and Scalia 1976; Potter 1969) . Four classes of retinal ganglion cells project to the tectum and arborize in four different superficial layers, creating four congruent maps of the visual world. Afferents from the retina make up >90% of the contralateral tectal inputs (Fite and Scalia 1976) . Coronal sections of tecta stained with fura-2-AM and mag-fura-5-AM showed staining of ependymoglial cells lining the ventricle and a band of staining along the outer surface of the tectum that included the pial surface and the tectal layers immediately below the pia. The intensity of staining sharply declined in deeper layers. Blood vessels and scattered somata of unknown origin were visible when viewed under low ( x20-100) magnification.
These large structures were visible against a high background of diffuse staining. At high magnification ( x400-630) this diffuse staining was resolved as punctate structures approximately 5 1 pm diam.
A 400~pm sagittal slice that includes the pial surface of the tectum, stained with mag-fura-5-AM, is shown in Fig.  5A . The black unstained structures seen on the surface of the brain are melanocytes embedded in the pial membrane. The small stained structures visible below the surface are the punctate structures described above. They were the same size and had a similar distribution to presynaptic terminals of unmyelinated axons of tectal layer A as studied with horseradish peroxidase staining (Hughes 1990) . Similar results were seen with fura-2-AM, although the staining with mag-fura-5-AM was many times brighter. To further examine whether the punctate labeling we observed with bath application of membrane-permeant Ca2' indicators was in presynaptic terminals of afferent retinal fibers, we made a direct comparison between fura-2-labeled tectal structures and DiI-labeled retinal afferents. Retinal afferents were stained by application of DiI to optic nerves in paraformaldehyde-fixed brains, with the use of the modified DiI labeling method of A. Gelperin and J. Flores (unpublished data). Stained retinal afferents were observed throughout the entire outer half of the tissue. The points of entry for both the nasal and temporal axons from the optic tract in the dorsomedial and ventrolateral sections of tectum, respectively, were clearly visible. The highest density of labeled fibers was observed in layers C, D, and E, the layers that are known to contain the highest density of unmyelinated fibers (Hughes 1990) . At ~400 magnification, fluorescently labeled presynaptic terminals were resolved that were approximately the same diameter and location as the fluorescent puncta observed in layer A in the fura-2-stained tecta (Fig. 5, B and C) . These observations are consistent with the idea that the mag-fura-5-and fura-2-labeled puncta in the superficial layers of the tectum correspond anatomically to the terminals of unmyelinated retinal fibers.
Presynaptic Ca2+ transients derive from unmyelinated retinal afferent fibers
The pharmacological block of postsynaptic field potentials and microscopic examination of tectal slices provide strong evidence that the fluorescence changes produced by retinal nerve shock are presynaptic in origin. We performed experiments to determine which afferent fiber populations contribute to the response. Retinal afferents are divided into four classes that are distinguished by conduction velocity and CALCIUM DYNAMICS AT THE RETINOTECTAL SYNAPSE 387 presence of CNQX, low Ca2+, and Ba2+ substitution. They can also be observed by recording from an electrode placed on the optic nerve or optic tract (data not shown). As illustrated in Fig. 6A , at low stimulation intensity the field potential produced by the early unmyelinated fiber population u1 could be activated in the absence of a response from the u2 population. With increasing stimulus intensity the amplitude of the ui response saturated and the u2 component became visible and steadily increased. The amplitudes of the fluorescence transients produced in this preparation by the same set of stimulus intensities are shown in Fig. 6B . The correlation between the amplitude of the fluorescence transient and the amplitude of the u2 component and the ui component are plotted in Fig. 6 , C and D, respectively. The data are pooled from three preparations. There was a strong correlation between the fluorescence response and the amplitude of the late unmyelinated fiber population and not the early unmyelinated fiber population. Activation of the myelinated C fiber populations also showed no correlation with the fluorescence change (data not shown). These results demonstrate that the fluorescence response is primarily produced by the activation of the unmyelinated fiber population. This is consistent with anatomic (Hughes 1990 ) and physiological evidence (Lettvin et al. 1959 ) that the tectal layer adjacent to the pial surface, which our microscopic examination indicated was preferentially stained with fura-2, is predominantly occupied by the terminals from unmyelinated axons.
Efsects of VDCC blockers on Ca2+ in$ux into presynaptic tectal structures and isolated optic nerve FIG. 5 . A : X400 magnification fluorescence photomicrograph of a 400-pm-thick sagittal section, including the pial surface, from a tectum stained by bath application of mag-fura-5-AM. Scale bar: 25 pm. B and C: representative individual axons and terminals in the superficial layers of the tectum (layer A) of a fura-2-stained tectum (B) and a DiI-stained tectum (C). Scale bar: 5 pm. stimulation threshold (Chung et al. 1974 ). The myelinated axons, ml and m2, have a lower stimulation threshold than the unmyelinated fiber populations, u1 and u2. The u1 population has a higher conduction velocity and a more clearly defined threshold than u2, a large population of slower unmyelinated fibers having a broad range of higher stimulation thresholds (from 0.5 to 1.5 mA for a lOO-ps stimulation pulse). The different afferent populations have corresponding temporally resolved field potentials recorded from the tectum in response to a single optic nerve shock.
We performed pharmacological manipulations with VDCC blockers to determine the channel subtypes that contribute to the induced Ca2+ transient. VDCCs on presynaptic terminals have been classified into pharmacologically distinguishable groups: L, N, P, and Q, antagonized by dihydropyridines, w-conotoxin GVIA, w-agatoxin IVA, and w-conotoxin MVIIC, respectively (for reviews see Llinas et al. 1992a; Takeda and Nordmann 1992; Wheeler et al. 1994) . In frog sympathetic ganglia, w-conotoxin-GVIA-sensitive channels sustain 90% of synaptic transmission, whereas most of the remaining 10% is sustained by L-type Ca2+ channels ). In the mammalian hippocampus (Castillo et al. 1994; Wheeler et al. 1994 ) and cerebellum (Llinas et al. 1992b; Regehr and Mintz 1994) , both w-conotoxinand w-agatoxin-sensitive Ca2+ channels have been demonstrated in varying proportions.
An example of the dependence of the shape and amplitude of the field potentials recorded in the tectum on the stimulus intensity applied to the optic nerve is shown in Fig. 6A . The two peaks that are shown in the top trace correspond to the postsynaptic potentials activated by the early (ui) and late ( u2) unmyelinated fiber populations. The myelinated populations are not visible in Fig. 6A . They fatigue rapidly and become lost in the stimulus artifact at high stimulation intensities. The presynaptic components of the unmyelinated contributions U, and u2 are small but can be observed in the To characterize the presynaptic VDCCs functionally significant for retinotectal transmission, we examined the effects of w-conotoxin GVIA and w-agatoxin IVA on field potential responses and fura-fluorescence transients. All measurements were taken with the use of suprathreshold stimulation ( -1.5 times threshold for the u2 population and >5 times threshold for all other fiber populations) to avoid the complications of drug-induced effects on stimulation threshold. The fluorescence and field potential amplitudes for each experiment were averaged over four trials. w-Conotoxin decreased the magnitude of -AFIF and decreased the amplitude of the u2 component of the field potential. Results from one preparation are presented in Fig. 7, A toxin concentration in the range of l-5 PM; 5 -20 min of incubation). On average, the field potential amplitude was reduced to 28 t 10% (mean t SE; n = 6, 6 preparations) of control levels, and -AFIF was reduced to 38 t 15% of control levels. We conducted six experiments on five preparations with w-agatoxin (30-100 nM) . At these concentrations, w-agatoxin is thought to exclusively block Ptype channels; higher concentrations can block other subtypes (Wheeler et al. 1994) . We found no significant change of field potential amplitude [ 99 t 1% of control levels (n = 6, 5 preparations)] . -AFIF remained at 91 t 2% of control levels.
We also conducted experiments on isolated optic nerves. The existence of VDCCs on invertebrate unmyelinated axons has been reported at high enough concentrations to sustain Ca2+ -based action potentials (Stockbridge and Ross 1986) , and Lev-Ram and Grinvald ( 1987) and, more recently, Kreigler and Chiu ( 1993) , proposed the existence of VDCCs on myelinated axons in rat optic nerve to explain the Ca2' influxes induced by optic nerve shocks measured with the use of fluorescence indicators. We measured fura-fluorescence from isolated sections of optic nerve, stimulating distal to the chiasm and recording field potentials near the nerve end proximal to the chiasm. We observed changes in -AFIF in response to optic nerve shock similar to those measured from the tectum. As a control, we measured the magnitude of the presynaptic volley and -AFl F as a function of Ca2' concentration in the ACSF ( [Ca2+] AC&. The results, illustrated in Fig.  7C , show that lower [Ca2'] ACSF led to no significant variation in the magnitude of the presynaptic volley but led to a dramatic decrease in the magnitude of -AFl F. We also found that w-conotoxin led to a significant reduction in -AFIF (Fig. 70) . On average, -AFIF was reduced to 34 t 2% (mean t SE; n = 4) of control levels, whereas the amplitude of the presynaptic volley of the u2 component was reduced to 74 t 14% (n = 3) of control. Agatoxin had negligible effect, with the -AFIF remaining at the same value of the control; AFIF = 100 t 17% (n = 3). Our results are consistent with the hypothesis that the measured increase in [ Ca2+] in the optic nerve was predominantly due to Ca2+ influx through VDCCs. They also suggest that part of the tectal response we measured was due to Ca2' influx into terminal axons. Reduction ofjluo~escence transient amplitude during trains: saturation of furaAs seen in Figs. 4A, 7A, and 9A, the magnitude of -LlFl F decreased with each subsequent action potential in a train, with the total fluorescence intensity eventually saturating at an elevated level. Possible explanations for this effect include 1) a reduction in the number of activated fibers, 2) a reduction in the Ca2+ influx per action potential, either through voltagemeditated or Ca2' -induced inactivation of Ca2+ channels, and 3) the nonlinear relationship between fura-fluorescence and Ca2+ concentration. To determine whether the progressive reduction in the magnitude of -AFIF was due to a reduction in the number of activated fibers, we measured field potential responses in O-Ca2+ ACSF containing 100 PM Cd2+ . Synaptic transmission was totally blocked, leaving only the afferent volley presynaptic components of the field potential response. Although synaptic transmission was abolished, we found that the magnitude, response time, and duration of the presynaptic volley were only minimally affected. No variation in the presynaptic volley magnitude or duration was observed with successive pulses in stimulus trains with frequencies up to 20 Hz (data not shown). Others have reported that unmyelinated fibers can follow stimulation trains at a frequency up to 50 Hz (Llinas and Precht 1976) . We conclude that the reduction in the magnitude of -AFIF during stimulus trains was not due to a reduction in the number of fibers stimulated with each successive pulse. K. R. DELANEY, AND D. W. TANK Ca2' -induced inactivation of Ca2' channels is not a likely explanation for the reduction in the magnitude of -AFIF during repeated stimulation. The effect persisted when current through the Ca2' channels is carried by Ba2+ (Fig. 4A) . Ba2+ is much less effective than Ca2' at inactivating Ca2+ channels (Eckert and Chad 1984) . After the first few action potentials in the train the transient fluorescence responses were very small yet the field potential amplitude of the facilitated postsynaptic response remained constant. The presence of a postsynaptic response indicates that transmitter is being released, and thus that there must still be an action-potentialinduced transient Ba 2+ influx. The pronounced reduction in fluorescence transient amplitude during the train is consistent with a mechanism based on saturation of the indicator. Although the affinity of fura-for Ba2+ is lower than for Ca2+, VDCC for Ba2+ currents through VDCC are in general larger than for Ca2+ . In addition, it is likely that Ba2+ removal from terminals is less efficient than for Ca2+, which would accentuate the buildup of ion concentration in the cytoplasm during trains.
To further test the hypothesis that indicator saturation was responsible for the -AFIF decrements during trains, we labeled tecta with mag-fura-5-AM instead of fura-2. The dissociation constant Kd of mag-furafor Ca2+ is 5-50 PM (Illner et al. 1992) ; thus the saturation effect should be reduced for equivalent Ca2+ changes per action potential. The results are shown in Fig. 8 . The fractional change in fluorescence to the first pulse is significantly smaller than for fura-and the magnitude of -AFIF was relatively constant for all action potentials in the train (Fig. 8s) .
Although the experiment with mag-furawas consistent with the hypothesis that saturation effects in fura-were responsible for the reduction in -AFIF with successive pulses in a train, that experiment was complicated by the fact that tecta labeled with mag-furawere much brighter than those labeled with fura-2. Loading with acetoxymethyl esters varies greatly depending on the compound and tissue. Thus, despite comparable loading times and a lower affinity, mag-furamay constitute a significant concentration of exogenous Ca2+ buffer in the retinal afferents that would reduce the level of Ca2' increase per pulse. The slow recovery to baseline we observed in some mag-furaexperiments is consistent with excessive loading with a Ca2' buffer. To explore this issue further, we performed experiments on tecta labeled both with fura-2-AM and the membrane-permeable form of the Ca2' buffers BAPTA or EGTA. The effects of intracellular EGTA and BAPTA on the observed Ca2+ transients are shown in Fig. 8, C and D, respectively. In the presence of BAPTA or EGTA, the magnitude of -AFIF for the first stimulus is small and the response to subsequent action potentials in the stimulus train is nearly constant, consistent with the idea that the added buffer capacity has reduced the change in free Ca2' per impulse to a low level relative to the Kd of fura-2. The effects of the exogenous buffers on the time course of fura-fluorescence are discussed in further detail in the next section.
If the reduction in the amplitude of successive fluorescence transients in a train is due to the nonlinear dependence of fura-fluorescence on [ Ca2+], then it should be alleviated by reducing the Ca2' influx. As Ca2' concentration was reduced, the amplitude of the fluorescence changes became similar (Fig. 9A) . These results also argue against voltagedependent inactivation of Ca2' channels because this should be unaffected by changing Ca2' influx.
The afferent volley measurements, Ba2' substitution, mag-fura-5, and EGTA/BAPTA experiments all support the interpretation that during a stimulus train the same amount of Ca2+ is brought into the afferent fiber with each subsequent stimulation pulse. The most likely explanation for the reduction in the magnitude of -AFIF during a stimulus train is the nonlinear dependence of fura-on [ Ca2+] . If we assume the influx per action potential is constant, the a[ Ca2+] per action potential can be calculated from the fractional decrement of the fluorescence in response to the second stimulus. For fura-the fluorescence intensity at 380 nm is a monotonically decreasing function of [ Ca2'] with a slope decreasing in absolute value. Thus, if the Ca2+ increase in response to the first pulse is the same as the increase to a second pulse, but the Ca2' concentration immediately preceding the second pulse is higher than for the first pulse, the change in fluorescence produced by the second pulse will be smaller than that for the first pulse. To quantify this effect, we defined the parameter a as the ratio of the fluorescence change to the second pulse divided by the fluorescence change to the first pulse (see schematic in Fig. 9B ). As shown in Fig.  SC , a approaches 1.0 for low Ca2' for the data in Fig. 8A . We present in APPENDIX A a mathematical analysis of this effect. If the decrement in cy is produced solely by saturation of fura-2, we would expect the relationship between a and the actual change in intracellular Ca2+ per pulse shown in Fig. 9D . The magnitude of the reduction becomes large for two pulses in rapid succession when the Ca2' level produced by the first pulse approaches the Kd of fura-( ~200 nM). The effect becomes progressively less as the Ca2' level produced by the first pulse is reduced, becoming negligible at Ca2+ concentrations well below Kd .
Although, as described earlier, the use of traditional ratio methods to make a quantitative estimate of the change in [ Ca2+] per action potential cannot be applied to our preparation, we introduce a novel method based on the saturation of the indicator observed with single wavelength measurements. As shown in APPENDIX A, the Ca2' change per action potential can be calculated from the fractional decrement a. Applying the formula from APPENDIX A to the data in Analysis of exogenous buffer effects with the use of numerical simulation Added Ca2' buffers EGTA, EDTA, or BAPTA reduced the fura-fluorescence change per action potential in a train, as shown in Fig. 8 , C and D, and the saturation effect of fura-was reduced or eliminated. In addition, the fluorescence decay time from 2-3 s onward was prolonged with each of these buffers compared with the control condition (Fig. 8A) . IIowever, the time courses of the Ca2+ recovery immediately after an action potential was different for EGTA and BAPTA. With EGTA, the initial decay was faster than the control condition, whereas with BAPTA it was slower. Although the equilibrium dissociation rate constant of BAPTA and EGTA are similar, EGTA has substantially times we experimentally observed, consistent with the form ,slower forward and reverse rate constants. We explored the of decays we observed in control conditions ( see below). effects of an exogenous slow buffer versus a fast buffer The differential equations that comprise the numerical simin numerical simulations and mathematical analysis to gain ulation are listed in APPENDIX B . In Fig. 10 , we show the insight into the origin of these changes in kinetics.
computed time courses for [ Ca2'] and the concentration of We found that all of the above time course and amplitude Ca2+ -bound fura-2. Note that changes in Ca2+ -bound furaeffects were easily reproduced in a numerical simulation that are linearly related to changes in fura-fluorescence and thus contained three major assumptions. First, we used a single-can be directly compared with experimental results. In all compartment model of the presynaptic terminal. This is a graphs, the dashed lines represent the kinetics produced by reasonable assumption because we are measuring decays on the model that contained only endogenous buffer and fura-2; the order of hundreds of milliseconds. For terminals 2 1 pm the solid lines correspond to the addition of the exogenous diam, concentration gradients should dissipate by diffusion buffers EGTA (Fig. 10A) and BAPTA (Fig. 10B) . Consisin < 10 ms. Second, we assumed the rate of Ca2+ extrusion tent with experimental observation (Fig. 8 D) , the effect of is proportional to the intracellular free Ca2' ion concentra-BAPTA in the model was a reduction in the amplitude per tion. A linear extrusion mechanism was demonstrated in action potential and a prolongation of the decay time in both presynaptic terminals in another preparation (Tank et al. the early phase immediately following the action potential 1996). Third, we assume an endogenous buffer with equili-and at later times. In contrast, the slow buffer EGTA produced bration kinetics rapid compared with the > IOO-ms decay an initial decay after each action potential that was faster than the control condition, followed by a second decay phase slower than control. This difference in initial decay rate in the presence of EGTA is attributed to the buffer's slower kinetics (as opposed to the buffer having different effects on Ca2+ influx, Ca2+ efflux, or fura-2). Note that in the simulations for both EGTA and BAPTA, the fura-saturation effect during the stimulus train was greatly reduced, also consistent with experimental observations. How do slower kinetics of Ca2' binding to EGTA lead to a faster initial fluorescence transient? Free Ca2' ions enter the compartment during an action potential and bind to EGTA on the time scale of tens to hundreds of milliseconds. This is much slower than the binding dynamics of the indicator fura-2; therefore we are able to directly observe the binding kinetics of EGTA with the fluorescence indicator. After this slow binding to the EGTA, the Ca2+ level is equilibrated to the same level observed with a fast buffer like BAPTA at similar buffer capacity. The reason the fast decay was not observed with BAPTA is that the binding kinetics occur on the same characteristic time scale as fura-is able to report changes. (Because fura-is a BAPTA derivative, they should have similar characteristic binding kinetics.)
After the initial equilibration with either EGTA or BAPTA, the subsequent decay of Ca2' ion concentration due to removal by Ca2' pumps is on a much slower time scale and both buffers remain in quasiequilibrium with the free Ca2+ ion concentration. Then, as previously demonstrated (Neher and Augustine 1992; Tank et al. 1996) , the decay time constant is expected to be increased above the value in the control condition by an amount proportional to the added buffer capacity. Buffer capacity scales with B', where Bt is the total concentration of the added exogenous buffer. At [ Ca2+] less than the equilibrium dissociation constant (KJ of the exogenous buffer, the added buffer capacity is closely approximated by the quantity ( Bt/&) . This quantity does not depend on the reverse and forward rate constants, only their ratio I&,. As seen in the numerical simulations, the later decay rates with these added buffers were lengthened to the same amount compared with the control case.
Effects of reduced [ Ca2+ ] on presynaptic Ca2+ transients and postsynaptic field potentials
We calibrated the magnitude of -AFlF and the u2 component of the corresponding field potential produced by a single optic nerve shock as a function of [ Ca2+lACSF to determine the can be directly inferred from the data in Fig. 11 (Augustine and Charlton 1986) , where neurotransmitter secretion, as measured by postsynaptic response, is related to the second to fourth power of Ca2' in the external medium. In interpreting the data for -AFIF, it should be noted that although there is a monotonic relationship between Ca2" ion concentration and fura-fluorescence (and thus increased Ca2' transients correspond to increased -AF/F transients), the relationship is nevertheless nonlinear. However, the data in term enhancement of synaptic transmission at the retinotectal synapse, we simultaneously measured fura-fluorescence and u2 field potential amplitude. Our approach was to use short stimulus trains to build up synaptic enhancement and to then measure the decay of Ca2+ with time, applying a test pulse at a specific delay following the end of the stimulus train to measure the synaptic enhancement present at that time. Repeating the experiment with different delay times produced a set of responses representing the decay of enhancement, which could then be compared with the decay of presynaptic Ca2+ . This approach is suitable for determination of the magnitude and time course of synaptic enhancement, which decays on the time scale of 1 s to a few seconds after brief moderate-or high-frequency trains such as shortterm facilitation ( Atzori and Nistri 1994; Magleby 1987) .
As shown in Figs. 4, 7, and 12A, stimulus trains at 5-10 Hz produce an initial synaptic enhancement to the first few pulses, followed by a plateau or decrease in field potential amplitude suggestive of synaptic depression and/or saturation of release or activation of inhibitory synaptic inputs (Atzori and Nistri 1994) . As shown in Fig. 12B , we found that synaptic depression/saturation was minimized in reduced [ Ca 2+ ]AcSF, resulting in an unmasking of synaptic enhancement, an effect observed at many synapses (Magleby 1987; Swandulla et al. 1991) . The magnitude of the field potential response to the first pulse was reduced by a factor of 10 in 0.5 mM [ Ca2+], but up to a fourfold synaptic enhancement was observed during a l-s, ~-HZ stimulus train. We defined synaptic enhancement as the ratio of the amplitude of the u2 component of the field potential of the test pulse over the amplitude of the u2 component of the field potential of the initial pulse in the series. Thus an enhancement of 1.0 is equivalent to no change in the amplitude of the test pulse field potential relative to the field potential of the first pulse.
The decay of synaptic enhancement following a ~-HZ train is shown in Fig. 12D . Enhancement decayed on a characteristic time scale of a few seconds, similar to the characteristic decay time observed for the decay of fura-fluorescence (Fig. 12C) . These results are consistent with a role for presynaptic Ca2+ in the production of the observed synaptic enhancement but do not by themselves imply a causal relationship. Also, note that the decay of fura-fluorescence is not equivalent to the decay of Ca2' ion concentration, be- cause of the nonlinear dependence of fluorescence intensity of fura-on free Ca*+ ion concentration.
Effects of exogenous buffers on the kinetics of Ca2+ transients and synaptic enhancement ' To test the hypothesis that residual Ca*' ions were necessary for the synaptic enhancement observed on the time scale of seconds in Fig. 12D , we modified Ca*' dynamics by bath application of the membrane-permeant Ca*+ buffers EGTA-AM(n= 3) and EDTA-AM (n = 7). For both buffers we observed the qualitative changes in fura-2-measured Ca*+ dynamics shown in Fig. 13A . As described earlier, the decay became decidedly nonexponential, with an initial decay faster than that observed in the absence of the extra buffer and a subsequent decay slower than in the control conditions. The rapid decay quickly brought the Ca*' level down to a much lower level than observed in the absence of the extra buffer. We found that the bath concentrations and incubation times necessary to observe this effect were different for EGTA and EDTA. Low EGTA concentrations ( -10 PM) and short bath applications (-10 min) were sufficient, whereas EDTA required concentrations >500 PM applied for 30 min. Note that with these loading conditions, these slow forward rate buffers produced no reduction in the amplitude of the field potential to a single test pulse.
EGTA reduced the amplitude of synaptic enhancement after a stimulus train compared with the control condition (Fig. 13B) . The average reduction of enhancement produced by EGTA was 56 t 3% (mean t SE; n = 7). EDTA produced a similar average reduction (data not shown). Although the magnitude of the enhancement is reduced by EGTA, the time course of its decay during the first 2 s after the train is essentially unchanged.
DISCUSSION
Summary
Our primary findings are that presynaptic terminals in the frog optic tectum are labeled by bath application of membrane-permeant Ca*+ ion indicators, and that changes in presynaptic Ca*+ ion concentration can be measured in response to electrical stimulation of the optic nerve. These are, to our knowledge, the first measurements of presynaptic Ca*' dynamics in the intact vertebrate brain. The preparation we developed allows the study of biophysical and pharmacological characteristics of Ca*+ dynamics at a central synapse. We present an analysis that takes into account the nonlinear relationship between [ Ca*+]i and the measured fluorescence signals, and the interaction between endogenous and exogenous Ca*' buffers, so we could more accurately describe the stimulus-evoked Ca*+ dynamics. Last, we performed preliminary experiments that address the role of Ca*+ dynamics in short-term synaptic enhancement.
Evoked changes in fura-fluorescence are from unmyelinated optic nerve fibers and presynaptic terminals Optic nerve shocks induce activation of both pre-and postsynaptic structures in the optic tectum. We provide six lines of evidence that together demonstrate that most of the evoked fluorescence transients measured in fura-2-labeled optic tectum are produced by Ca *+ transients in retinal afferent fibers and their terminals. Most significantly, the Ca*+ transients remain virtually unchanged when postsynaptic potentials are blocked by bath application of CNQX and APV. Second, the distribution of Ca*+ -dependent fluorescence changes in tectum and surface of the diencephalon overlaps with the known primary projections of retinal ganglion cell axons. Third, when stimulation intensity is systematically varied, the fluorescence transients are strongly correlated with the amplitude of the u2 component of the compound field potential, corresponding to the activation of unmyelinated fibers. Fourth, microscopic examination of fura-2-labeled tecta demonstrates staining of small structures that have the same distribution and morphology as retinal afferent fibers. Fifth, the amplitude of the u2 component of the field potential depends on the -2.5 power of the extracellular Ca*+ concentration (for extracellular Ca*+ < 1 mM), whereas the amplitude of -AFIF scales linearly; this is consistent with the calcium transient representing presynaptic calcium influx into the terminals producing the u2 component. Sixth; replacing extracellular Ca*' with Ba*+ blocked unfacilitated postsynaptic field potentials, whereas fluorescence transients remained significant.
An optic nerve shock could potentially induce Ca2' changes in glial structures of the optic tectum. Several previous reports have shown that activation of neurons can lead to an increase in intracellular Ca2+ of neighboring glial cells (Barres 1991; Charles 1994; Chiu and Kriegler 1994) . The predominant glial structures in the frog tectum are ependymoglial cells that line the ventricle and send fine processes to the pial surface forming an external membrane layer. There are few astrocytes and no oligodendrocytes, which are the forms of glia in the CNS that have reported voltageactivated (Barres 199 1; Blanc0 et al. 1993 ) and transmitter receptors (Dani et al. 1992; Jahromi et al. 1992; Murphy et al. 1993) . The clear onset and rapid decrease (time constant < 15 ms) of the fluorescence transient in response to an optic nerve shock was much more rapid than those in glia, which have delays to onset and rise times on the order of seconds (Chiu and Kriegler 1994) . Similarly, it is unlikely that the observed fluorescence changes are produced by Ca2+ influx into postsynaptic neuronal structures. Substituting Ba2+ for Ca" in the ACSF led to a complete block of the postsynaptic field potential response to the first action potential in a train, but still induced a substantial change in fura fluorescence, implying that most of the fluorescence change is not through ligand-gated channels because Ba2+ only weakly supports transmitter release. The combined results made it unlikely that our fluorescence changes arose from Ca2+ influx into glial structures.
Relationship between fluorescence transients and Ca 2+ dynamics
When studying large changes in [ Ca2+], as might be seen in small structures like presynaptic terminals or dendrites, it is important to take into account the nonlinear relationship between the Ca2' indicator fura-and [ Ca2+] . In the frog tectum, when trains of action potentials were temporally spaced so that a summation of Ca2' transients resulted, the amplitudes of the change in fluorescence became smaller with successive action potentials in the train (Fig. 4) . This effect is greatly reduced or eliminated by reducing the extracellular Ca2+ ion concentration, or by loading with cellpermeant forms of high concentrations of exogenous buffers. This provides strong evidence that the reduced fluorescence changes to successive action potentials during a train are produced by saturation of furaand not from a reduced Ca2+ influx per action potential.
In APPENDIX A, we took advantage of this nonlinear relationship and used the measured reduction in transient amplitude to provide an estimate of the transient Ca2' change per action potential. By this method, we estimate that the transient change per action potential was -140 nM. This value is somewhat larger than that estimated by ratio methods for mossy fiber terminals in mammalian hippocampus ), but it should be noted that mossy fiber terminals have a much greater volume than most of the afferent terminals in frog tectum. Estimation of Ca2' transients based on saturation may be applicable to other systems where sequential reduction in fluorescence indicator transients have been observed during action potential trains (Wu and Saggau 1994) .
We extended an earlier single-compartment model of presynaptic calcium dynamics (Tank et al. 1996) and performed numerical simulations that examined how the shape of the fura fluorescence transient would be altered by addition of fast and slow exogenous buffers. Incubation with the fast Ca2+ buffer BAPTA (Fig. 1OD ) reduced the amplitude of the transients (reducing the saturation response of furadescribed above) while the decay to baseline was prolonged. In contrast, the slow Ca2+ buffers EDTA or EGTA changed the shape of the transient by providing a faster initial decay while also producing a slower subsequent phase compared with the control transient. Precisely this form of decay was predicted by numerical simulation (Fig. IOB) . The early faster transient is produced by Ca2' binding to the exogenous buffer on a time scale longer than the response time of the Ca2+ indicator. The longer time constant for the second phase of the decay observed with both the fast and slow buffer is produced by more bound Ca2' being pumped off at a lower free Ca2+ level where the efflux rate is reduced (Tank et al. 1996) . Alteration of Ca2+ transients by this technique might be useful in the exploration of the reaction kinetics of many Ca2+ -dependent reactions.
Characterization of VDCC subtypes on unmyelinated axons and their terminals
Several reports suggest that different VDCC subtypes on presynaptic terminals possibly serve different physiological functions. In presynaptic terminals of the frog neuromuscular junction, cJ-conotoxin-sensitive channels, which sustain 90% of synaptic transmission, are colocalized with both acetylcholine ( ACh) release sites (Cohen et al. 199 1; Robitaille et al. 1990 ) and Ca2' -activated potassium channels (Robitaille et al. 1993) . Electrophysiological studies in the hippocampus suggest that one VDCC subtype is located near the site responsible for facilitation with another subtype located near the release site (Artalejo et al. 1994; Wheeler et al. 1994; Zengel et al. 1993) . In contrast, at the mossy fiber synapse in the hippocampus, all VDCC subtypes are thought to play an indistinguishable role in the induction of LTP (Castillo et al. 1994) .
Most of the Ca2+ influx in response to an optic nerve shock is sustained by VDCCs sensitive to w-conotoxin GVIA located on both the presynaptic terminals and their supporting axons. We saw, on average, a 70% reduction in the induced field potential response in the presence of wconotoxin, implying that N-type channels sustain the Ca2' influx responsible for a significant proportion of synaptic transmission. The remaining proportion could be due to Ca2+ influx through L-type VDCCs. The Ca2+ influx is most likely not through P-type channels because we saw no effect of low concentrations of w-agatoxin on the amount of synaptic transmission. We found that 60% of Ca2' influx responsible for changes in fura-fluorescence was through N-type Ca2' channels, consistent with what has been seen at the presynaptic terminals of the frog neuromuscular junction (Sano et al. 1987 ) and frog sympathetic neurons ) but in contrast to what has been measured in presynaptic terminals of mammalian CNS or squid giant presynaptic terminal (Llinas et al. 1992a ).
We propose that at least two different channel subtypes are CALCIUM DYNAMICS AT THE RETINOTECTAL SYNAPSE 397 responsible for synaptic transmission at the frog retinotectal synapse. w-Conotoxin reduces residual Ca2+ by 60%, as measured by the magnitude of -AFIF, and reduces the postsynaptic field potential amplitude by 70%. However, reducing the Ca2+ influx through all voltage-activated channels by lowering [Ca2'] AcSF sufficiently to reduce -AFIF by 60% corresponds to a decrease of synaptic transmission by 95% ( see Fig. 11 ) . This implies that not all of synaptic transmission is sustained by channel subtypes that are wconotoxin GVIA sensitive.
In addition to demonstrating a Ca2+ influx into presynaptic structures in the frog tectum, we also demonstrated Ca2+ influx into unmyelinated axons in the isolated optic nerve. Recently, it has been proposed that Ca2+-activated potassium channels clustered in the internodal region of myelinated axons (Jonas et al. 1991; Lev-Ram and Grinvald 1986) and distributed along the membranes of demyelinated axons (Kocsis et al. 1983; Wu et al. 1993 ) play a key role in spike repolarization. This quick repolarization could be important in controlling nodal spike activity, or could possibly to help to repair axons damaged through either anoxic shock (Stys et al. 1992) or demyelination ( Wu et al. 1993 ) . Although Ca2+ -activated potassium conductances have been identified, the source of Ca2' influx into the axons remain unknown. We demonstrated that the influx of Ca2' into unmyelinated axons in response to optic nerve shocks can be partially blocked by w-conotoxin, providing direct evidence for the existence of presumably N-type VDCCs on unmyelinated axons of frog optic nerve.
Role of [ Ca2+ ] in short-term enhancement of Jield potentials at the retinotectal synapse We performed several experiments that provide an initial examination of the role of presynaptic residual calcium in the short-term synaptic enhancement at the retinotectal synapse. In reduced-Ca2' saline, the u2 component of the field potential shows a buildup and decay in response to a train of stimuli. ACh (Fite and Wang 1986; Gruberg et al. 1989; King and Schmidt 1991) and y-aminobutyric acid (GABA) (Arakawa and Okada 1989; Hickmott and Constantine-Paton 1993; Sivilotti and Nistri 1992) have been postulated to influence the retinotectal synapse both presynaptically and postsynaptically.
However, because polysynaptic events are not prominent in our field potential measurements, and because retinal projections do not directly activate either ACh (Gruberg et al. 1989) or GABA sources (Arakawa and Okada 1989; Hickmott and Constantine-Paton 1993 ) (but also see Atzori and Nistri 1994) , it is unlikely that we are changing the amount of these modulators present during a stimulus train. Thus the observed changes we observed are most likely due to changes in transmitter release. This conclusion is given further support by our observation that the u2 field potential amplitude increases smoothly, following a power law without saturation as a function of extracellular Ca2' concentration, while the amplitude of the fluorescence transient is increasing linearly.
The time course and amplitude of synaptic enhancement can be determined by small changes of the Ca2+ concentration in presynaptic terminals in a variety of peripheral and central synapses (for review see Zucker 1993 ). Comparison of synaptic enhancement and presynaptic calcium dynamics has been performed in several other systems. For example, at the crayfish neuromuscular junction, submicromolar changes in the concentration of residual Ca2+ in the presynaptic terminal produce augmentation and probably also posttetanic potentiation ( Delaney et al. 1989 ). The rate-limiting step for the decay of augmentation after stimulus trains is the decay of elevated residual Ca2' (Kamiya and Zucker 1994) . At the mossy fiber synapse ) and the squid giant synapse (Swandulla et al. 199 1)) there is also a strong correlation between elevated residual Ca 2+ and synaptic enhancement persisting for many seconds after a brief train of moderate-frequency action potentials. These experiments are consistent with the hypothesis that augmentation and posttetanic potentiation are produced by elevated Ca2' activating a biochemical cascade that alters the release apparatus, so that the amount of transmitter released to a future action potential increases. The key experimental manipulation that has been instrumental in assessing the role of presynaptic calcium in the longerlasting forms of synaptic enhancement (augmentation and posttetanic potentiation) has been the alteration of calcium dynamics by the use of exogenous buffers and caged chelators (Kamiya and Zucker 1994) . The effects of exogenous buffers on paired pulse facilitation [ Fl facilitation in the terminology of Magleby ( 1987) ] have also been examined (Adler et al. 199 1) .
We employed buffer manipulation in assessing the role of presynaptic calcium in short-term synaptic enhancement at the frog retinotectal synapse. Our stimulus trains consisted of only a few action potentials delivered at relatively low frequencies. Under these conditions, little synaptic augmentation is likely to develop but synaptic facilitation, in particular the phase termed F2 facilitation at neuromuscular junctions (Magleby 1987 )') can reach appreciable levels. In lowCa2' ACSF, we saw a correlation between the decay kinetics of Ca2+ and synaptic enhancement. Bath application of EGTA altered the shape of the fura-fluorescence decay. There was a rapid ( lOO-ms time scale) decrease to a lower level of residual calcium than observed in the control condition and a second phase of decay that was slower than control. Synaptic enh .ancement was reduced i n amplitude 9 but its time course was not significantly altered. The reduction of the amplitude of the synaptic enhancement with EGTA strongly suggests a role for elevated residual calcium in F2 facilitation. The fact that the decay of enhancement does not change with EGTA suggests, however, that the calcium dynamics is not rate limiting for the expression of F2.
[ Ca2+ ] dynamics and short-term plasticity in the frog visual system Although great progress has been made in understanding the electrophysiological properties of neurons from studying isolated nerve membranes such as the squid axon, the role of membrane potential dynamics such as oscillation, bursting, and spike-frequency adaptation in neural circuit dynamics underlying animal behavior can only be assessed by performing measurements of electrophysiological activity in intact nervous systems. Likewise, it is our conjecture that understanding how chemical dynamics such as calcium ion concentration contribute to neural circuit properties underlying observed animal behavior will require measurements in intact nervous systems. Our study was motivated by an attempt to develop a preparation in which presynaptic calcium dynamics could be measured in an intact frog brain. We observed short-term plasticity in the frog retinotectal synapse and provided initial results demonstrating the role of calcium dynamics in that plasticity. We were led to examine this system because visually guided prey catching in the frog displays a form of behavioral facilitation that decays on a time scale of 1 -10 s (Ingle 1975 ) . Although our experiments have not been performed in a behaving animal, our results suggest that calcium-dynamics-based short-term synaptic plasticity is present in the retinotectal pathway and thus that it is a possible biophysical substrate for the shortterm behavioral plasticity observed in frog visual systems. In general, our results contribute to the development of methods and preparations that permit the study of Ca2' dynamics in a behaviorally relevant setting. and cy = 0.5 when A[Ca2'] = ( [Ca2'10 + l&)/Z. When the decay between the pulses is large, there is no analytic expression for cu. Nevertheless, the expression can often be used to provide a rough estimate of A[ Cal. For example, if we ignore the small decay and apply the analysis to the numerical results in Fig. 10B and a! can be directly calculated using Eq. Al hB hot G k, Got G ki or intracellular free Ca2+ ion concentration concentration of unbound endogenous buffer concentration of bound endogenous buffer concentration of unbound furaconcentration of bound furaconcentration of unbound exogenous buffer concentration of bound exogenous buffer and fixed parameters 600 s -', rate of the Ca2+ extrusion a$ Ca2+lo, constant leak that determines [ Ca2+lo 2,400 n&I, total concentration of endogenous buffer 3 X lo* M-'s-', forward rate of endogenous buffer 1,200 s -', reverse rate of endogenous buffer 10 PM, total concentration of fura-6 x lo8 M-%-l, forward rate of fura-120 s -', reverse rate of fura-1,200 PM (EGTA) ,400 PM (BAPTA) ; total concentration of exogenous buffer 6 x lo6 M-Is-' (EGTA), 6 x lo8 M-%-l (BAPTA); forward rate of exogenous buffer 1. For the numerical simulations in Fig. 10 , we assumed an initial Ca3+ concentration of [Ca2'10 = 50 nM and four Ca2+ current pulses [corresponding to a net free Ca2+ concentration flux per unit time of SCa( t) = 6 pM/ms] with a duration of 5 ms at t = 0.5, 0.7, 0.9, and 1.0 s.
Note that the unknown quantities ( Fmax, Fen) in Eq. Al do not
The simulations in Fig. 10 , Bl and B2, used the rate constants enter into these derived relations.
for BAPTA, whereas those in buffer were based on values consistent with experimental results at the crayfish neuromuscular junction, with the forward rate constant chosen to represent a fast buffer. For fura-2, we used the parameters VI = 10 PM, an estimate based on comparison of the observed fluorescence with that in presynaptic terminals injected with fura-2 in crayfish, where fura-concentration were known (Delaney et al. 1989) ; Kd = 200 nM, analogous to the estimated Kd for mammalian cells, and kB+ = 6 x lo* M-%-l, the rate constant measured for fura- (Kao and Tsien 1988) . The pump rate was set by matching the simulated decay to the experimentally measured decay. We used a pump rate a = 600 s-l to obtain a decay constant of a little over 1 s.
The time dynamics shown in Fig. 10 was calculated by numerical Euler integration of the differential equations using a step size of 1.25 ps; reducing the step size did not produce a significant change in the dynamics. Both [Ca*'] and the concentration of Ca*+ bound fura-( [ FCa] ) are graphed in Fig. 10 . In general, the relationship between measured fura-fluorescence and the concentration of Ca*+ bound fura-is given by F = cl + c2 [FCa] where c 1 is a constant offset that depends on the amount of fura-2 labeling and background fluorescence (including unresponsive fura-2-labeled structures) and c2 = ( Fmax -Fmin) < 0. Thus the time course (but not the absolute amplitude) of a plot of [ FCa] versus time from the numerical simulation is directly comparable with an experimental plot of -AFIF.
